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Burger, Matthew Howard (Ph. D., Planetary Science)
To’s Neutral Clouds: From the Atmosphere to the Plasma Torus

Thesis directed by Professor Nicholas M. Schneider

Since the discovery of sodium thirty years ago, observations of Io’s neutral features
have provided essential insight into understanding the relationship between the Io’s
atmosphere and the o torus, a ring of plasma encircling Jupiter. In this thesis I use
observations and models of Io’s corona, extended neutral clouds, and fast sodium jet to
probe the interactions between the atmosphere, torus, and neutral clouds.

A corona and neutral cloud model, based on the model of Wilson and Schneider
(1999), has been developed to study neutral loss from Io. Neutrals are ejected from Io’s
exobase and their trajectories followed under the influence of gravity until lost into the
plasma torus. I also developed description of the plasma torus based on Voyager and
ground-based observations to accurately determine neutral lifetimes.

Mutual eclipsing events between Galilean satellites were used to measure the
shape of Io’s sodium corona, revealing a corona that is only approximately spherically
symmetric around Jo. I discovered a previously undetected asymmetry: the sub-Jupiter
corona is denser than the anti-Jupiter corona. Modeling implies that sodium source from
the sub-Jupiter hemisphere must be twice as large as from the anti-Jupiter hemisphere.

The Galileo spacecraft has imaged a remarkable atmospheric escape process occur-
ring in Io’s ionosphere. Electrodynamic consequences of Io’s motion through Jupiter’s
magnetosphere drive mega-amp currents through Io’s ionosphere; some sodium ions
carrying this current are neutralized as they leave the atmosphere. The Galileo images
show that the resulting fast sodium jet removes ~ 5 x 10% atoms sec™! from Io’s at-

mosphere. The source region of the jet is much smaller than Io itself implying that the

ionosphere is densest near Io’s equator.



iv

A model-based comparison of the neutral oxygen and sodium clouds details differ-

ences in the morphologies and spatial extent of each: sodium extends only 1/4 the way
around Jupiter while oxygen forms a complete torus. Sodium emission results from res-
onant scattering making it relatively easy to determine sodium abundance. The oxygen
intensity is highly dependent on the highly variable plasma torus. This complicates the
analysis of oxygen observations since the the nature and magnitude of plasma variations

has not been well characterized.
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Chapter 1

Introduction

Io was a simple country nymph who caught Jupiter’s eye. Jupiter’s wife Juno,
suspicious of Jupiter’s intentions toward lo, came down to investigate. Jupiter acted
quickly by turning o into a cow. Juno complimented Jupiter on having such a nice cow
and asked if she could have it. Because Juno would be suspicious if he refused to give
her something so simple as a cow, Jupiter had no choice but to relinquish To.

Juno was still suspicious of Jupiter and his “cow,” so she told Argus, the hundred-
eyed creature, to watch over lo. Eventually, Jupiter began to feel guilty about what he
had done to Io, so he sent Mercury to kill Argus. Mercury did this, so Jupiter was able
to change Io back to her original form.

In this thesis, I use the the watchfulness of Argus and Juno-like models to try to
understand the interactions of Io and Jupiter. We must hope that she is revealed before

all the observers are gone. (Paraphrased from Metamorphoses, Ovid).

1.1 Io’s Atmosphere

The first observational evidence of an atmosphere at Io were measurements made
by Binder and Cruikshank (1964) who showed an increase in Io’s albedo immediately
after emerging from eclipse which then decreased to its pre-eclipse value over several
hours. This brightening was interpreted as an atmosphere condensing out when solar

heating is turned off, creating a reflective surface frost layer that sublimates when the sun



heats the surface after eclipse. Although this observation has only been intermittently
repeated since then and remains somewhat controversial, it is now known that Io does
in fact have an atmosphere which at least partially condenses when Io goes into eclipse
(see reviews by Lellouch (1996); Spencer and Schneider (1996)).

The existence of this atmosphere, however, was still unproven for a decade after
Binder and Cruickshank’s observations. The Pioneer 10 radio-occulation experiment
detected Io’s ionosphere (Kliore et al. 1974, 1975), providing more definitive indirect
evidence for the atmosphere. At about the same time, sodium emission from Io was
discovered by Brown (1974). Sodium has since proved to be minor in abundance but
extremely important for studying the dominant species (Section 1.2).

The Voyager flybys of Jupiter propelled Io to a new level of respect in the scientific
community with their discovery of the only known extra-terrestrial volcanism. Voyager
also made the first direct observation of Io’s near-surface atmosphere with a spectrum of
SOy (Pearl et al. 1979). As only sodium and potassium (discovered by Trafton (1975b))
were known to originate from Io previous to Voyager, and these had been observed in
extended clouds extending large distances from Io but not in a near-surface atmosphere,
the discovery of this most abundant species in Io’s atmosphere provided a new direction
for atmospheric studies.

With the passing of Voyager from Jupiter, no detections of Io’s atmosphere were
made for over a decade Lellouch et al. (1990). The 1980s were spent trying to understand
the single SO9 observation from Voyager. Three classes of models were developed for
understanding the atmosphere: buffered models (e.g., Kumar (1982) assume the SO,
atmosphere is in vapor pressure equilibrium with the surface frost; volcanic models
(Ingersoll 1989; Moreno et al. 1991) consider an atmosphere supplied by local volcanic
sources; and sputtering models (Sieveka and Johnson 1984) look at an atmosphere
created by charged particle impact on the surface.

Observations in the mid-1990s helped to clarify the global extent of the atmo-



sphere. Images of lo passing in front of Jupiter detected absorption by SO2 and S, in a
plume silhouetted against Io’s disk (Spencer et al. 1997, 2000), proving that the sulfur
dioxide is contained in some volcanic emissions. The presence of a global atmosphere
has been suggested by observations which detected gaseous SO2 above three distinct
geographical regions on Io’s surface (McGrath et al. 2000).

Recently, the Hubble Space Telescope has provided an exciting new technique for
observing Io’s atmospheric SO2 (Roesler et al. 1999; Feldman et al. 2000). Images of Io’s
SO distribution are obtained with the Space Telescope Imaging Spectrograph (STIS)
by making spatially resolved observations of solar Lyman-« reflected off Io’s surface due
to attenuation by SOs in Io’s atmosphere. These images show a global but non-uniform
and time-variable atmosphere with SO2 gas concentrated near Io’s equator. Results
from the Galileo spacecraft support this suggestion with observations indicating that Io
has a global ionosphere (Hinson et al. 1998). Evidence is presented in Chapter 4 that

the ionosphere may be denser near the equator.

1.2 Observations of the Corona and Neutral Clouds

The focus of this thesis in not lo’s near-surface atmosphere but the features
formed from the escape of this atmosphere. Using thirty years of observations, sodium
is known to escape through “slow” and “fast” processes. Sputtering of neutrals off
the atmosphere and surface form the extended cloud: a banana shaped cloud of slowly
escaping neutrals (mean velocity ~ 2 — 3kms™ ' with a high speed tail extending to
~ 10 — 30kms™ ') which primarily leads Io in its orbit around Jupiter (Smyth 1992).
Similar clouds exist for the more dominant species of sulfur and oxygen (Brown 1981a;
Thomas 1996), but have not been well studied since emission from these species are at
the limits of what can be observed. There are several mechanisms which result in the
escape of fast sodium (velocity = 10 km sfl). Jupiter’s magnetic field accelerates sodium

ions in Io’s collisionally thick ionosphere which are neutralized through charge exchange



to produce fast neutrals (Wilson and Schneider 1999). Sodium ions in the plasma torus
can also charge exchange with neutrals to create fast sodium. Similarly, sodium-bearing
molecular ions are swept into the torus of plasma which encircles Jupiter and dissociation
of these molecules creates a separate fast sodium feature (Wilson and Schneider 1994).
Additional fast sodium results from the high speed tail of the sputtering flux distribution
(Smyth 1992). A short summary of the observational and modeling efforts to understand
Io’s neutral features follows.

Since its discovery thirty years ago (Brown (1974),Figure 1.1), sodium has proved
itself to be essential for understanding the escape of Io’s atmosphere. Despite its small
abundance, optical wavelength observations of sodium have several advantages over ob-
servations of more abundant species such as oxygen and sulfur. The emission from
these species results from electron impact excitation in the plasma torus, so the ob-
served emission is a function of both the neutral density and the electron density and
temperature of the plasma, making the neutral density profile difficult to determine from
observational data without detailed modeling. Even in regions where the plasma is less
important for creating the emission, the lines are weak and at wavelengths inaccessible
from the ground. Because the sodium D lines are formed through a resonant transition
at optical wavelengths, sodium can be observed at Io in both emission and absorption
when in sunlight. Also, sodium emission is much brighter than optical emissions from
other atmospheric components.

The observations of sodium made within a few years of its discovery fleshed out
the spatial extent and general morphology of the cloud. Using separate spectra of
Io’s disk and the region near Io’s disk, Trafton et al. (1974) demonstrated that the
emission originates from an extended region at least 10” (~ 20 Rj,) in radius around
To. Continued observations of the spatial extent of the cloud detected a partial torus of
neutral sodium extending at least one-fifth of the way around Jupiter from Io (Macy and

Trafton 1975b). The first two-dimensional images of the cloud (Muench and Bergstralh
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Figure 1.1 The earliest spectra of Io’s sodium emission by Brown (1974). Iogenic sodium
D lines are indicated with broken lines. These spectra are reproduced from Brown and
Chaffee (1974)



1977; Matson et al. 1978; Murcray and Goody 1978) showed the “banana-shaped” cloud
primarily leading Io in its orbit.

Because several groups were involved in monitoring programs and other observa-
tions of the sodium emission, two asymmetries were discovered even while the general
morphology of the cloud was still being determined. Bergstralh et al. (1975, 1977)
demonstrated that although on average the sodium emission remains roughly constant
from one year to the next, the intensity is about 25% higher when Io is at eastern elon-
gation (orbital phase = 90°) than at western elongation (orbital phase = 270°). This is
in addition to an approximately 20% variation in the overall brightness which did not
correlate with any known variables (e.g. Io’s magnetic longitude). A north/south asym-
metry was discovered by Trafton and Macy (1975): the ratio of the sodium brightness
north of Io to that south of Io is a function Io’s magnetic longitude with the side further
from the magnetic equator showing brighter emission. The discovery of the plasma
torus by Voyager in 1979 provided an explanation for this asymmetry (Trafton 1980).

Neutral clouds of other species have also been detected. Trafton (1975b) dis-
covered potassium originating from Io with a morphology similar to the sodium cloud.
Although oxygen and sulfur are the most abundant species in the cloud, observations of
each have been sparse: Oxygen was discovered by Brown (1981b); sulfur by Durrance
et al. (1983). Recent years have also seen a monitoring program of optical wavelength
emissions of neutral oxygen at 6300 A originating near Io’s disk (Scherb and Smyth
1993; Oliversen et al. 2001).

Although spectroscopic and imaging studies were able to study the morphology
of the large scale features, it was not possible to observe sodium in lo’s corona close
to Io. The corona, or exosphere, is the region within ~ 6 Ry, consisting of bound and
escaping atoms which have been lost from Io’s collisional atmosphere but are still in
the region where Io’s gravity dominates over Jupiter’s. In general, it is not possible to

spatially resolve the region close to lo because of Io’s high geometric albedo and the



effects of atmospheric seeing. Observations of Io eclipsing the other Galilean satellites
(Schneider et al. 1987, 1991a) however, has provided a method of determining the radial
column density profile of sodium close to lo. Additionally, the HST observations which
produced the images of Io’s atmospheric SOs, have also measured the radial intensity
profiles of oxygen and sulfur in Io’s corona for the first time (Wolven et al. 2001).

The early spectra also detected a fast component to the sodium escaping from Io
(Trafton 1975a). Sodium has since been observed at speeds of up to 100 km s~* Brown
(1981a). Early imaging studies of the fast sodium features (Goldberg et al. 1984; Pilcher
et al. 1984) characterized it as a narrow feature directed away from Jupiter perpendicular
to the Jovian magnetic field line through Io. A second fast sodium feature, known as
the molecular ion stream, was discovered by Schneider et al. (1991b) and originates in
the plasma torus. This feature has been shown to result from dissociation of molecular

ions in the torus (Schneider et al. 1991b; Wilson and Schneider 1994).

1.3 Neutral Cloud Models

Modeling efforts to understand Io’s sodium emission began almost immediately af-
ter its discovery. These earliest models concentrated on understanding the basic source,
loss, and emission mechanisms to great success. Matson et al. (1974) made the first
prediction that sodium atoms sputtered are the source of the cloud of sodium around
To.

The first attempt to understand the emission mechanism was made by McElroy
et al. (1974) who assumed that Io has a “normal” satellite atmosphere consisting of
nitrogen gas with a trace sodium component excited by collisions with Ns. Resonant
scattering of sunlight by sodium atoms was initially ruled out due to energy require-
ments and the assumption that sodium was in a bound surface atmosphere. With the
observation that the emission is not confined to Io’s disk, Trafton et al. (1974) and

Matson et al. (1974) revived the resonant scattering hypothesis. Definitive proof that



resonant scattering is responsible for the sodium emission was provided by Bergstralh
et al. (1975) and Trafton et al. (1974) who demonstrated that the sodium intensity
is strongly correlated with Io’s orbital phase. This is expected for resonantly excited
sodium emission because Io’s changing radial velocity relative to the sun Doppler shifts
the resonant wavelength in and out of the deep solar Fraunhofer line (Figure 1.2).
Additional evidence was provided by Macy and Trafton (1975a) who failed to detect
emission from Io while it was in eclipse, implying that solar photons are needed to ex-
cite the emission. More recently, sodium emission from electron impact excitation has
been detected through ground-based spectroscopy (Bouchez et al. 2000) and Galileo
spacecraft imaging (Geissler 1999) of Io in eclipse, although this accounts only for only
a small fraction of the total emission when Io is in sunlight.

Sodium loss was first assumed to be due to photo-ionization by solar photons
(Macy and Trafton 1975a), although they realized that the photo-ionization lifetime
is longer than the lifetime to create a complete neutral torus around Jupiter. This
conflicted with their observations limiting the cloud to ~ 1/5 the circumference of Io’s
orbit.

A series of papers beginning with Fang et al. (1976) has built up a neutral cloud
model as numerical techniques improved and more detailed observations of sodium and
the plasma torus became available. The object of these papers has been to understand
the evolution of the sodium cloud from the ejection of neutrals out of Io’s atmosphere
to their eventual loss by ionization. The first of these papers investigated the creation
of a torus of neutral sodium originating from a massless Io (Fang et al. 1976). Smyth
and McElroy (1977) improved on this by including Io’s gravity and limiting the neutral
lifetime for a closer agreement with the observations which suggested that the cloud
extends only part way around Jupiter. A subsequent paper (Smyth and McElroy 1978)
presented the first detailed comparison between models and imaging data (supplied

by Murcray and Goody (1978)). The images showed the asymmetric shape of the
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Figure 1.2 The amount of sunlight available for resonant scattering of sunlight by sodium atoms for different Io orbital phases. The
intensity of sodium emission is directly proportional to the amount of sunlight at the wavelength of emission in the rest frame of sodium.
The radial velocity of Jupiter relative to the sun is taken to be 0 km s~! here, but must be included when determining actual emission
intensity. Scale bars in each line indicate the range of the Doppler shift due to the changes in Io’s radial velocity and orbital longitude

This range is also indicated by a heavy line through the part of the solar profile. ©
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sodium cloud: the leading cloud was clearly denser and brighter than the trailing cloud.
Assuming a uniform lifetime of ~ 15 — 20 hours, they concluded that asymmetric loss
from Io could explain the shape of the cloud, noting that ejection of neutrals from the
trailing hemisphere primarily populates the forward cloud.

A mechanism for producing the east/west asymmetry (Bergstralh et al. 1975,
1977) in the sodium cloud was explored by Smyth (1979, 1983). The first paper provided
a qualitative demonstration that solar radiation pressure on sodium atoms could produce
an east/west asymmetry similar to that observed. This work was continued in the
second paper with three-dimensional model calculations of the sodium cloud. This
work represented a substantial improvement on their ability to model the sodium cloud.

The next major advancement in modeling the neutral clouds came with the de-
velopment of a general framework for modeling Io’s neutral clouds (Smyth and Combi
1988a). The application of this model (Smyth and Combi 1988b) was the first study to
include in detail the effects of the plasma torus (although Trafton (1980) had considered
the role of the torus in explaining specific observations). These two papers by Smyth
and Combi provide the basis for their future work on the neutral clouds and Io’s corona:
their subsequent work has been applications of this model. These applications include
an attempt to use a single source velocity distribution to understand the sodium neutral
cloud, the sodium corona, and the fast sodium directional feature (Smyth and Combi
1997) and an application of these results to understanding neutral oxygen observations

far from Io (Smyth and Marconi 2000).

1.4 Organization of the Thesis

This thesis is a joint observational and modeling survey of neutral features orig-
inating at lo. I concentrate on three distinct but interconnected neutral features: the
bound corona, the fast sodium jet, and the extended neutral clouds. Although most

if the observations concentrate on sodium due to the relative ease and availability of
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observations, I also discuss the physics of oxygen and sulfur lost from Io and compare
these species to the well observed sodium features.

The major questions addressed by this thesis are:

(1) Understanding Io’s Corona:

e How stable is the corona? Does the corona vary over long time scales?
e Is the corona radially symmetric?
e How does the plasma torus affect the shape of the corona?

e What does the shape of the corona imply about the loss from Io’s atmo-

sphere?
e What do morphological differences between the oxygen and sodium coronae
imply about loss? Are there differences in the loss mechanisms?
(2) Io’s fast sodium jet:
e How large is the source region of the fast sodium jet? Is it a global or
narrowly confined region?

e What are the implications of the source size for lo’s ionosphere?
(3) The extended neutral clouds:
e Can difference morphological aspects of the clouds be explained through

particle motions?

o What effect do the different oxygen and sodium lifetimes have on the neu-

tral clouds?

e How important is the plasma torus in determining the intensity of oxygen?
Can column densities be determined without independent measurements

of the plasma?
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This thesis is organized so as to best answer these questions. In Chapter 2, 1
discuss the physical processes at work which are common to all three regions. Chapter 3
presents mutual event observations designed to probe the radial structure of the sodium
corona. I report the discovery of a previously undetected asymmetry in the column
density between the sub-Jupiter and anti-Jupiter hemispheres. Galileo observations of
Io’s fast sodium jet are described in Chapter 4. These observations are the closest view
to date of the source region of the jet. A neutral cloud model based on the model of
Wilson and Schneider (1999) and extended for study of sodium cloud to Io is described in
Chapter 5. Applications of this model to the corona and extended clouds are presented

in Chapters 6 and 7, respectively.



